Abstract Casimir effect on the critical pull-in gap and pull-in voltage of nanoelectromechanical switches is studied. An approximate analytical expression of the critical pull-in gap with Casimir force is presented by the perturbation theory. The corresponding pull-in parameters are computed numerically, from which one can notice the nonlinear effect of Casimir force on the pull-in parameters. The detachment length has been presented, which increases with increasing thickness of the beam.
Introduction
The nanoelectromechanical systems (NEMS), as an extension of microelectromechanical systems (MEMS), have turned into the hot research topic in recent years. In MEMS and NEMS, with the geometric dimension decreasing, the surface forces [1] [2] [3] [4] [5] [6] , replacing the body forces, take over the dominant position, which become more important for the nano-scales. In this paper, we just consider Casimir force and electrostatic force. Casimir [7] predicted an attractive force between objects. Kenneth et al. [8] have extended these considerations to real-world materials.
NEM switches are fundament building blocks for the design of NEMS applications. However, the pull-in phenomenon, an inherent instability of MEM and NEM switches, is one of annoying problems in design. By applying a voltage difference between the two electrodes, an electrostatic force is formed. At certain voltage the switches lost its stability and the gap between the switches rapidly decrease, until the two electrodes adhere. The voltage and deformation of the switches at this state are referred to as the pull-in voltage and the critical pull-in gap respectively, or shortly as the pull-in parameters of switches. Therefore, an analytical expression of the pull-in parameters could guide the design.
An analytical expression of the pull-in parameters has been given about the MEMS switches in [9] . A lumped two degrees of freedom (L2DOF) pull-in model was presented in [10] . The pull-in parameters for electrostatic torsion actuators are the pull-in voltage and pull-in angle [11, 12] . The pull-in phenomenon is widely applied in many micromachined devices that require bi-stability for their operation [13, 14] . In the above references [9] [10] [11] [12] [13] [14] , the Casimir and van der Waals effects are neglected. The significant effect of van der Waals force has been shown on the pull-in voltage of NEMS switches, but the effect on the critical pull-in gap has been omitted [15] .
The Casimir effect in MEMS was studied in [16] and measured in [17] . In [18], a micromachined torsional device is used to determine the Casimir effect in MEMS. Casimir force has a profound influence on the oscillatory behavior of nanostructures [19] .
The maximum length that will not stick to the substrate, also called detachment length is basic design parameter [20, 21] .
The objective of the present paper is to study the effect of Casimir force on the pull-in parameters. An approximate analytical expression of the critical pull-in gap is obtained by the perturbation theory and the detachment lengths and the minimum initial gap of the cantilever and fixed-fixed beams are given, which are basic design parameters.
Theory
To simplify the analysis, the geometry shown in Fig. 1 is simplified to a one-dimensional (1D) lumped model as shown in Fig. 2 . In the 1D lumped model, the NEMS switch is approximated by a rigid beam suspended over a ground plane using mechanical springs. Thus the only degree of freedom of the system is the gap, r, between the plate and the ground plane.
The equilibrium condition of the plate by Casimir, electrostatic and elastostatic forces (F r ð Þ ¼ F C þ F elec þ F elas ¼ 0) yields (see appendix 2 for expressions of the surface forces)
The equilibrium is stable with oF r ð Þ=or < 0. With voltage increasing, the gap decreases with instability condition is reached. Using the critical condition oF r ð Þ=or ¼ 0, we get Defining this solution by g PI and substituting it into Eqs.
(1) and (2) and then adding the equations, we obtain
We should solve the above nonlinear equation to get g PI . Using Eq. (1), the pull-in voltage V PI can be calculated by
If we neglect the contribution of Casimir force in the above analysis, the critical pull-in gap and the pull-in voltage can be solved by Eqs. (3) and (4) as
and
which are the same as the expressions derived in [9] . If we just omit the effect of Casimir force on the critical pull-in gap, that is, we replace g PI in (4) by g 0 . Then the pull-in voltage is given by
We now use the perturbation theory to discuss how much the effect of Casimir force on the critical pull-in gap around g 0 . By perturbation theory, we could add a perturbation value d around g 0 , that is, we use the approximate critical value
to replace the accurate critical value. Substituting Eq. (8) into Eq. (3), and using the firstorder approximation, i.e., neglecting the higher-order terms of d, we get the linearized function about the perturbation value d: 
